Abstract
The inverted regime photoinduced electron transfer kinetics of betaine-30 have been investigated over a broad teiaperature range, revealing very little temperature dependence.
For example, for betaine-30 in a polystyrene film, the electron transfer rate constant, k ET changes by less than a factor of 3 from T=293K to T=34K. The results are in striking contrast to predictions of contemporary electron transfer theories which employ classical nuclear modes to accept some or all of the energy of the electron transfer event. The comparison of theory and experiment fcr the betaines demonstrates that a full quantum mechanical theory is necessary to accurately describe the electron transfer kinetics of the betaines in environments with slow dielectric relaxation. The conclusions drawn for the betaines may also apply to other molecular examples of inverted regime electron transfer in slowly relaxing environments.
Contemporary electron transfer theory has had enormous success in accurately and quantitatively modeling a broad range of organic, inorganic, and biological electron transfer (ET) examples. I The foundation of ET theory involves a description of the ET event in terms of a localized electronic state of the electron donor TD and the localized state of the electron acceptor iA' The ET process is controlled by fluctuations of the nuclear coordinates of the solvent and solute. The various ET models differ in the way they treat the solvent and solute nuclear degrees of freedom, classically, quantum mechanically, or some combination thereof. Conventional models treat the solvent modes (the so-called solvent coordinate) classically, some assuming instantaneous equilibration of the solvent coordinate and others allowing for diffusive solvent coordinate motion. 2 For the vibrational modes of the reactants both quantum 5 ' and classical theories 4 have been formulated. 1, 2 However, the quantum models that emphasize the high frequency vibrational modes still employ classical fluctuations of a solvent and/or vibrational coordinate 4 to accomplish the actual ET event. 5 This paper is concerned with an experimental evaluation of the limitations of the classical aspects of ET theory. We investigate the temperature dependence of the ET rate constant kET for the photoinduced ET of betaine-30 as portrayed in Fig.1 . This reaction " occurs in the Marcus inverted regime. 1 For theories which treat all modes classically, the reaction occurs near the crossing of the two electronic states, i.e. point a in Fig. 1 . Mixed quantum/classical models 5 ' 8 allow for multiple reaction regions, b points in Fig. 1 ., at each of the vibronic crossings 0-4n, where n refers to the high frequency quantized vibrational levels of the product. The mixed quantal/classical models predict much lower activation energies and faster rates than the purely classical models for inverted regime ET. Recent experiments support the need for a quantum description of the vibrational modes of the reactant. 1 0 " 1 2 The betaine class of compounds offers certain advantages for the study of quantum effects on ET kinetics. For instance, the betaines have extraordinarily large electronic. coupling, Vell which increases the magnitude of quantum effects on k ET Also, the various parameters necessary to apply ET theory, including the characteristic vibrational frequency v, the vibrational (A vib) and solvent (A soV) reorganization energies, and Vell can be directly evaluated by analyzing the charge transfer absorption band in Fig.L . 7 ' 8 Finally, from an experimental perspective, the ET kinetics of betaine can be conveniently studied using ultrafast pump-probe spectroscopy. environments. The pump pulse in each experiment induces a negative optical density change (upward direction in Fig.2 ) which recovers as the ET process occurs. Some of the transients also show evidence for relaxation of hot ground state molecules and a small component of photodecomposition which will be discussed in detail elsewhere. 1 2 Two different spectrometers were used to record the transients in Fig.2 . Both spectrometers employ an amplified 75-150fs near infrared dye laser. 13 One system uses a 8.2kHz copper vapor laser to pump the dye amplifier, while the other spectrometer uses a 500Hz Nd:YAG regenerative amplifier for the amplifier pump laser. Further experimental details are given in the figure captions and elsewhere. 12
The contribution of the ET kinetics to the transients in Fig.2 is well modeled by a single exponential decay. The time constants from best-fits of the decay function to the data are interpreted as the inverse of the ET rate, k ET* k ET values for various solvents at a variety of temperatures are listed in Table 1 . Table 2 lists k ET as a function of temperature in polystyrene films. An Arrhenius plot for k ET in the polar aprotic solvent triacetin is portrayed in Fig.3 .
Some general conclusions can be drawn from these data and related experiments in 3 other solvents. 7 In polar solvents with <r > larger than t 5ps k ET is faster than <r > S S <r >, the average solvation time, has been measured for many of these environments by S the transient Stoke's shift method 2 and can be estimated in other cases from dielectric dispersion data 12 on the neat liquid using a continuum model. 2 For triacetin, <r >-1 is S listed as a function of temperature in Table 3 . kET is orders of magnitude less sensitive to temperature than other examples of ultrafast intramolecular charge separation, such as the excited state ET of bianthryl. 14a In fact, for betaine-30 in the non-polar polymer polystyrene, k ET shows very little change from ambient temperature to 770K (see Fig.4 .)
In a polystyrene film prepared by evaporation of a benzonitrile solution, the temperature dependence has been studied over an even larger temperature range and shows very little temperature dependence (see The Sumi/Marcus predictions are over 6 orders of magnitude slower than the observed rates ( Fig.3) and exhibit a different temperature dependence than experiment.
The small kET predicted by Sumi/Marcus theory is due to the classical requirement that the ET reaction occur at point a in Fig.1 . The complex temperature dependence of kET 4 versus T-1 seen in Fig. 3 . for the Sumi-Marcus theory reflects two effects: the temperature dependence of <-r > and the temperature dependence of Vmax, which causes a temperature dependence of AGO, Avib' and Aso1v.
In contrast, the theory of Jortner and Bixon involves a sum of specific ET rates over individual vibronic channels The predictions of the Jortner/Bixon model are also in strong disagreement with experiment in slowly relaxing solvents like triacetin 2 . The discrepancy can be traced to the classical treatment of the solvent coordinate. According to this approach, as <,-s> increases the adiabicity parameter, o~n ) , exceeds unity by orders of magnitude for the most favorable vibronic ET channels. For the sake of simplicity consider the 0-'5 channel in Fig.l , which is nearly "barrierless", i.e. zero activation energy. If ,(n) is much greater A than unity for this channel, then the channel will contribute = <r >-' to the rate. Usually only one or perhaps two channels will contribute significantly because the activation energy of the other channels are much greater than zero. Consequently, if <7-s> is very large and there exists a vibronic channel with nearly zero activation energy, the Jortner/Bixon theory predicts that kET will be roughly equal to <r >-1 at the various temperatures.
S
The enormous discrepancy between the classical predictions of the Sumi/Marcus theory and the experimental observations dramatically demonstrate the importance of the high frequency vibrational modes in ET mechanisms. Other experimental observations supporting this conclusion have recently been reported."'" Apparently, high lying channels, such as 0-5 in Fig.1 , dominate the ET kinetics of betaine-30.
The Jortner/Bixon model predicts that kET for betaine-30 is on the order of <s >-I; the rate is limited by the rate of fluctuations of solvent polarization. For quickly relaxing solvents, such as acetone, the experimentally measured k ET is approximately equal to <rs>-I in qualitative agreement with the Jortner/Bixon prediction. 7 However, in more slowly relaxing solvents kT>> <rrs>'. This is strong evidence that the so-called solvent coordinate is not the predominant accepting mode for the ET event in slowly relaxing environments. Rather the results suggest that that the solvent coordinate is frozen on the time scale of the ET event. The situation is complicated because all solvents, including .triacetin, exhibit a distribution of relaxation times due to different solvation modes and 6 inertial effects. 2 However, the time scales and amplitudes of the various solvation components should be significantly temperature dependent, especially in the region of the glass transition (T= 268K) for triacetin. The absence of a strong temperature dependence for k ET near the glass transition strongly rules out solvent fluctuations as the key element of the ET mechanism. The similarity of the rates in various nonpolar and polar, slowly relaxing solvents including nonviscous toluene, is evidence for a common ET mechanism.
In these cases, the most likely mechanism involves molecular modes of betaine-30, itself.
We envision the ET process to be in analogy with the fully quantum mechanical models for internal conversion of rigid, electronically excited molecules. 5 In addition to the high frequency mode that we have already included, there must be one or more low frequency, molecular modes which act as accepting modes for the energy during the ET event. a The transient absorption data are fit to a functional form which is a sum of exponentials with (1) an extremely fast first component which for the purposes of this paper we treat as a coherent artifact and (2) a second component whose characteristic time we treat as the inverse of kET. In some polar solvents there is a third component with increased absorption (+.,OD) which may reflect hot ground state molecules and is discussed in reference 12. In theories which treat all nuclear modes classically, the electron transfer occurs in region a. Theories which include quantum vibrations of the solute allow electron transfer at many regions b, thus reducing the effective activation energy of the reverse electron transfer. 34K, exhibiting very little temperature dependence. The ordinate is the change in optical density (-AOD, or upwards is a bleach), and the abscissa is time (picoseconds). The transients are the result of pump-probe spectroscopy at 792nm (data in panels a and b collected using the CVL amplified dye laser system) and 820nm (data in panels c through f collected using the regeneratively amplified dye laser system). 
